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Introduction
Alzheimer's disease (AD) is a primary neurodegenerative disorder that causes a progressive impairment of memory and other cognitive functions, and represents the leading cause of dementia among the elderly. The principal neuropathological hallmarks of AD are the abnormal accumulation of the amyloid-β (Aβ) peptide forming Aβ plaques, the hyperphosphorylation of the microtubule-associated protein tau-known as neurofibrillary tangles, the loss of neurites and synapses, and cellular death at advanced stages of the disease (for a review see Querfurth and LaFerla 2010) . Most of the mouse models of AD mimic only some of the aforementioned features of the disease (Wong et al., 2002) . The triple transgenic mouse model of AD (3xTg-AD), on the other hand, develops Aβ and tau pathology in a progressive, temporal-and region-specific manner that resembles that in human AD brain Oddo et al., 2003a Oddo et al., , 2003b . At 7 months of age, 3xTg-AD mice present intracellular Aβ immunoreactivity in the neocortex (especially in the prefrontal cortex), the CA1 subfield of the hippocampus, and the amygdala, as well as long-term potentiation (LTP) deficits and altered basal synaptic transmission (Oddo et al., 2003b) . At the behavioral level, these changes result in altered fear conditioning, impaired learning, and memory retention in the Morris water maze task (Billings et al., 2005) and poor performance in object recognition (Filali et al., 2012) . By 20 months of age, extracellular Aβ plaques extend throughout the neocortex (especially in layers IV and V of the prefrontal cortex) and the CA1 area. At this advanced stage of the disease, neurofibrillary tangles are also evident in the hippocampus and the neocortex (Oddo et al., 2003b; Sy et al., 2011) , alongside a considerable decrease in dendritic spine density (Bittner et al., 2010) and a significant reduction of the cerebral metabolism in cortical, subcortical, cerebellar and brainstem regions (Nicholson et al., 2010) .
These neuropathological and behavioral AD-like hallmarks in the 3xTg-AD mouse model are likely to be accompanied by disturbances in cortical network activity. One way to assess these disturbances is by studying the spontaneously emergent activity of the cortical network, which integrates the neuronal intrinsic and synaptic properties and those of connectivity. Cortical slow oscillations (SO) occur during natural sleep and under anesthesia. They consist in a low-frequency (≤1 Hz) rhythmic pattern in which cortical neurons fluctuate between active periods of neuronal firing and synaptic activity (Up states) and relatively inactive periods (Down states) (Steriade et al., 1993) . Up states are generated by the cortical network itself, and are M A N U S C R I P T
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4 maintained by the network's recurrent excitatory and inhibitory synaptic connections. Furthermore, the activity pattern emerging during the Up states replicates and predicts some of the features during periods of cortical activation such as during rapid eye movement (REM) sleep and wakefulness (Steriade et al. 1996; Steriade and Timofeev 2003; Destexhe et al. 2007 ).
SO rhythmic activity can provide relevant information about the network parameters that are compromised in the cerebral cortex of 3xTg-AD mice, and also bring useful insights into the underlying alterations at the cellular and synaptic levels (Neske, 2016; Sanchez-Vives and Mattia, 2014) . Impaired network synchronization has been reported in the hippocampus of 3xTg-AD mice (Akay et al., 2009; Squirrell, 2015) , but cortical network disturbances have not been assessed in this strain. Thus, the aim of this study was to investigate whether 3xTg-AD mice presented any disturbances in cortical network activity at two ages, to evaluate also changes associated with aging.
Methods
Animals
The 3xTg-AD mouse strain was genetically engineered at the University of California Irvine to express familial AD mutations of amyloid precursor protein (APPSwe), presenilin-1 (PS1M146V), and tau (tauP301L) (Oddo et al., 2003a (Oddo et al., , 2003b . The mice included in this study were bred at the University of Barcelona and the Autonomous University of Barcelona, and were provided by Drs Lydia Giménez-Llort and Coral Sanfeliu (Gimenez-Llort et al., 2007) . To determine whether 3xTg-AD mice present disturbances in cortical network activity and to assess its evolution with aging, extracellular recordings were obtained from 7-month-old (3xTg n = 18; wild-type (Wt) n = 14) and 20-month-old (3xTg n = 5; Wt n = 8) adult mice of either sex. Mice were cared for and treated in accordance with Spanish regulatory laws (BOE-A-2013-6271), which comply with the European Union guidelines on protection of vertebrates used for experimentation (Directive 2010/63/EU of the European Parliament and the Council of 22 September 2010). All experiments were approved by the Ethics Committee at the Hospital Clinic de Barcelona (Spain). Mice were kept under standard conditions (room temperature at 23 ±1ºC, 12:12-h light-dark cycle, lights on at 08:00 a.m.), with food (A04, Harlan, Spain) and water available ad libitum throughout the study.
In vivo extracellular recordings
Anesthesia was induced by means of intraperitoneal injection of ketamine (100 mg/kg) and medetomidine (1.3 mg/kg). Atropine (0.3 mg/kg) and methylprednisolone (30 mg/kg) were administered subcutaneously to prevent respiratory secretions and inflammation, respectively. A tracheotomy was performed to increase stability during the recordings. After this procedure, the mouse was placed in a stereotaxic frame, and air enriched with oxygen was delivered to the mouse through a thin silicon tube placed at 0.5-1 cm from the tracheal cannula. Continuous infusion of ketamine (40 mg · kg -1 · h -1 ) was delivered subcutaneously with a pump to maintain a constant level of anesthesia (Castano-Prat et al., 2017; Ruiz-Mejias et al., 2011) . Body temperature was maintained at 37-38 ºC throughout the experiment. Following Paxinos and Franklin (2008) , bilateral craniotomies were made at four sites in each mouse: AP 2.3 mm from bregma, L 0.4 mm (prelimbic cortex (PrL) or medial prefrontal cortex); AP 0.5 mm, L 1.5 mm (primary motor cortex, M1); AP −1.5 mm, L 2.5 mm (primary somatosensory cortex, S1); and AP −2.5 mm, L 1.5 mm (primary visual cortex, V1).
Recordings to survey local neuronal activity were obtained from deep layers (0.4 mm apart from the midline and 1.1-1.2 mm deep in PrL, 0.9-1.0 mm deep in M1, 0.8-0.9 mm deep in S1 and 0.8-0.9 mm deep in V1) by means of 1-2 MΩ tungsten microelectrodes (tip size less than 10 µm) insulated with a plastic coating except for the tip (FHC, Bowdoin, ME, USA). Spontaneous local field potential (LFP) recordings were obtained sequentially from each cortical area, and simultaneously from left and right hemispheres.. LFP recordings provide information about the local neuronal population-within 250 µm according to Katzner et al. (2009)- including synaptic potentials and, when high-pass-filtered, the multiunit activity (MUA). Multichannel LFP recordings of spontaneous activity from different areas therefore informs about the state of different neuronal ensembles, their firing rates, rhythmic activity, and synchronization at different frequency bands. All these parameters allow a detailed comparison between control and 3xTg-AD mice and an estimation of properties such as excitability and excitatory/inhibitory balance. In each animal, the four cortical areas were recorded in a counterbalanced order to avoid any influence of anesthesia levels, even though a constant level of anesthesia was maintained throughout the experiment. The signal was amplified with a multichannel system (Multi
Channel Systems), digitized at 20 kHz with a CED acquisition board and acquired with Spike 2 software (Cambridge Electronic Design) unfiltered.
Data analysis
To assess cortical network activity in 3xTg-AD and control mice, we analyzed and compared several parameters of the SO: its mean frequency, Up and Down state duration, the coefficient of variation (CV) of the Up-Down state cycle, and the population firing rate Detection of Up and Down states from the recorded signals was based on three main fingerprints of the Up states: the slow LFP deflection, the gamma rhythm and the neuronal firing. These three features are reflected in three different time series: (1) the SO envelope; (2) the envelope of the variance of the gamma-filtered LFP (Mukovski et al., 2007) ; and (3) the estimation of MUA . From each LFP we obtained a highly processed time series as a linear combination of these three features. The contribution of each one was weighted by principal component analysis by their projection into the first principal axis obtained in a Principal Component Analysis (PCA). As the three signals correspond to three different frequency bands, this method is very robust against colored noise or band-limited electrode malfunction. Up and Down states were singled out by setting a threshold in this highly processed time series and the detection was done by an algorithm. This method has been widely used previously (e.g. Ruiz-Mejias et al, 2011; Ruiz-Mejias et al., 2016; D'Andola et al., 2018) .
Parameters of the SO were computed from bilateral recordings in the four recorded areas. The frequency of the SO was the inverse of the duration of the whole Up-Down cycle. The CV of the SO frequency was the ratio between the standard deviation and the mean of the SO frequency.
The firing rate was based on the MUA signal. The MUA was estimated from the extracellular recordings as the power change in the Fourier components at frequencies between 200 and 1500 Hz in 5-ms windows . We assumed that the spectrum within this frequency band provides a good estimate of the population firing rate, because Fourier components at high frequencies have densities proportional to the spiking activity of the involved neurons (Mattia and Del Giudice, 2002) . To Finally, to analyze the fast components of the SO, we carried out Welch's power spectrum density analysis during Up and Down states, with 50% overlapped windows of 5,000 samples. In order to highlight and compare peaks of neuronal synchronization over the intrinsic exponential decay of the signal, we computed the excess power, defined as the power ratio between power and the "1/f" decay.
Statistical analysis
Comparisons between right and left hemispheres were performed separately for each cortical area and parameter with the Student's t-test for dependent samples, corrected for multiple comparisons with the Bonferroni method (corrected α = 0.0125). As we did not find any differences between right and left hemispheres, data from both hemispheres were averaged for each area and subject. Comparisons between groups and ages were performed by means of repeated measures two-way ANOVA for each parameter, setting the cortical area (PrL, M1, S1 and V1) as the within-subjects variable, and age (7 and 20 months of age) and group (Wt and 3xTg-AD) as between-subjects variables. Post-hoc tests were performed with Student's t-tests for independent samples, corrected for multiple comparisons using the Bonferroni method (corrected α = 0.0125). All the analyses were implemented in MATLAB (The MathWorks, Natick, MA, USA).
Results
Spontaneous rhythmic activity generated in the deep layers of different cortical regions (PrL, M1, S1 and V1; Fig. 1A ) of 3xTg-AD and control mice was recorded under deep anesthesia at 7 and 20 months of age.
Under these conditions, SO activity (≤1 Hz) with alternating periods of intense synaptic activity and neuronal firing (Up states) and rather quiescent periods (Down states) was generated in the thalamocortical network (Steriade et al., 1993) . Fast rhythms (beta-gamma, 15-100 Hz) were also detected (Fig. 1B, bottom), mainly confined to the Up states (Compte et al., 2008; Steriade et al., 1996) . Following previous Castano-Prat et al., 2017; Ruiz-Mejias et al., 2011; , several parameters of the oscillatory activity were quantified and compared between 3xTg-AD and control mice:
frequency of the SO, Up state duration, Down state duration, the coefficient of variation of the Up-Down state cycle, the population firing rate (Fig. 1C ) and the high-frequency content during the Up states. LFP recordings were obtained bilaterally, but no differences were found between hemispheres, neither for any of the analyzed parameters and cortical areas nor in any of the two groups; therefore, data of both hemispheres were averaged for each cortical area and animal.
SO frequency and its variability are altered in the anesthetized 3xTg-AD mouse model
The mean SO frequency differed between 3xTg and control groups at 20 months, but not at 7 months.
(Group × age interaction, Table 1 , Fig. 1D -H). At 7 months, the frequency of the SO tended to be higher in 3xTg mice (Fig. 1D, F and H) , though this did not reach the significance threshold established in the study. At 20 months of age, however, the frequency of the SO was significantly lower in 3xTg than in control mice (Fig. 1E , G, H). The reversal of the trend at 20 months of age was due to the SO frequency being differently modulated by age in each group, increasing in control animals between 7 and 20 months of age, but remaining rather stable-with a tendency to decrease-in 3xTg animals (Fig. 2H ).
The tendency of 7-month-old 3xTg mice to have a higher SO frequency can be explained by the shorter Up states (Fig. 2D, F ), since at this age Down state duration did not differ between the two groups ( Fig. 2A, C) .
Between 7 and 20 months of age, Down and Up state duration changed differentially in the two groups: Down state duration decreased in control animals but increased in the 3xTg ones (Group × age interaction, Table 1 ; Fig. 2C ), and a similar pattern was observed for the Up state duration, which decreased in control animals, but remained rather stable-with a slight tendency to increase-in the 3xTg ones (Group × age interaction, Table   1 ; Fig. 2F ). As a result of this differential evolution, at 20 months of age Down and Up state durations were significantly longer in 3xTg mice (Fig. 2B ,C and E, F, respectively) whose SO frequency was consequently reduced (Fig. 1G, H ).
Besides showing a lower SO frequency, the SO cycle was more irregular in 20-month-old 3xTg mice than in their age-matched controls (Fig. 3) . This irregularity can be appreciated in raster plots illustrating
consecutive Up states aligned at their Down-to-Up transition (Fig. 3A, B) , which substantiate the elongation of Up and Down states in 20-month-old 3xTg mice, and demonstrate a higher temporal irregularity in this group. We corroborated these observations at the population level: at 7 months of age, the mean CV of the SO did not differ between groups (Fig. 3C, E ), but towards 20 months of age the CV of the SO evolved differently (Group × age interaction, Table 1 ; Fig. 3E ), augmenting in the 3xTg animals but remaining stable in the controls (Fig. 3E ), leading to a higher CV of the SO at 20 months of age in the 3xTg animals ( Fig. 3D, E) .
Relative firing rate is reduced in the anesthetized 3xTg-ADmouse model at advanced ages
The population firing rate during Up and Down states was calculated as the power change in the Fourier components between 200 and 1500 Hz (Castano-Prat et al., 2017; Reig et al., 2010; Ruiz-Mejias et al., 2011) , which is a good estimation of spiking activity of the neurons surrounding the electrode tip (Mattia and Del Giudice, 2002) . We also computed a relative measure of the firing rate-the relative firing rate-representing the population spiking activity during Up states with respect to the spiking activity during the Down states ( Fig. 1C ;
see Materials and Methods for further details).
Whilst it is true Down states are considered relatively silent states with respect to Up states, there is some firing in Down states (Shu et al., 2003) , and it has been proposed that this is critical for the initiation of Up states (Compte et al., 2003) . The firing rate during Down states is modulated by physiological conditions such as temperature and that there is a relationship between the firing rate in Down states and the frequency of the slow oscillations (D'Andola et al. 2018 ).
Firing rate increased with age in both groups (Fig. 4) . Whereas the mean firing rate during Down and during Up states was comparable between groups at 7 months of age (No main effect of group, Table 1 ; Fig. 4A,D), it had increased significantly by 20 months (Main effect of age, Table 1 ; Fig. 4B, C) , the mean firing rate during Up states bearing a greater increase in controls (Group × age interaction, Table 1 ; Fig. 4E, F) . As a consequence, between 7 and 20 months of age, the relative firing rate increased more markedly in control animals, resulting in a significantly lower relative firing rate in 20-month-old 3xTg animals than in their age-M A N U S C R I P T
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In both groups, the magnitude of the firing rate during the Down states was inversely related to its duration: longer Down states had lower firing rates, in agreement with previous findings (Compte et al., 2003; Sanchez-Vives et al., 2017) (Fig. 4J, K) . However, although the increase in firing rate during the Down states occurring between 7 and 20 months of age (Fig. 4C ) happened in parallel to the shortening of Down states in control animals (see Fig. 3C ), this was not the case in the 3xTg animals, who showed an elongation of the Down states (see Fig. 3C ). This suggests that the firing rate occurring during the Down states was less efficient in generating Up states in the 3xTg mice at 20 months ( Fig. 4A and Fig. 2A, respectively) .
Additionally, the firing rate during Down states and the SO frequency were related: higher firing rate during Down states was associated with higher SO frequency (Fig. 5L, M ). However at 20 months there was a decrease in the correlation between the firing rate during the Down states and Down state duration in the 3xTg
animals from 7 to 20 months (Fig. 4J vs. Fig. 4K ) along with a decline in the correlation between SO frequency and firing rate during the Down states in this group (Fig. 4L vs. Fig. 4M ), illustrating a disruption in the dynamical balance of the network.
Abnormal synchronization of beta and gamma frequencies during the Up states in the anesthetized 3xTg-AD mouse model
Finally, we studied the high-frequency content (beta and gamma oscillations, 15-100 Hz) during Up and Down states in 3xTg and control mice, since synchronization in this band has been linked to cognitive and perceptual processes (Siegel et al., 2012; Wang, 2010) . We found that the mean power spectrum of 3xTg mice significantly differed from that of controls at both ages, with heterogeneity depending on the cortical area.
In both groups, PrLand M1 cortical areas presented a modulation centered at 40-50 Hz during the Up states ( Fig. 5A-D) , although in 20-month-old 3xTg animals the synchronization of the activity cortex did not form a peak in the power spectrumas clearly as in controls (especially in M1) (Fig. 5B, D) . In S1 and V1 ( Fig.   5E -H) the synchronization peaks during the Up states were only clearly observed when calculating the Excess
Power (see Materials and Methods), revealing that these peaks occurred at lower frequencies than those in the M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
11
PrL and M1 cortices, at both ages ( Fig. 5E -H, vertical lines in the insets). Thus, anterior cortical areas (PrL, M1) synchronized their activity during the Up states at higher frequencies (ca. 50 Hz) than posterior areas (S1, V1) (ca. 30-40 Hz), and this tendency was preserved in the 3xTg group.
As control animals got older, the amplitude of the synchronization peak during the Up states was reduced in all cortical areas except for the S1 area, where its amplitude increased (Fig. 5B, D, F and H, black arrowheads vs. black solid lines in the insets). We also observed the decrease in the amplitude of the synchronization peak with increasing age in the PrL and M1 cortices of 3xTg animals (Fig. 5B, D, magenta arrowheads vs. red solid lines in the insets), but we detected group differences in S1 and V1: the large amplitude of the S1 area synchronization peak observed in 20-month-old control animals was already present in 7-month-old 3xTg mice (Fig. 5E, F) , suggesting it to be a sign of earlier aging;furthermore,V1 area synchronization peak also increased with age in 3xTg animals ( Fig. 5H , arrowheads vs. solid lines in the insets).
The mean power spectrum differences between control and 3xTg animals during the Down states were not as pronounced and consistent across cortical areas ( Fig. 5A -H, dashed lines) as during the Up states. At 7 months of age, the mean power spectrum during Up states appeared to be displaced towards higher frequencies in 3xTg animals with respect to controls (Fig. 5A, C , E, G, solid lines); this displacement was especially pronounced in the PrL and M1 cortices, but was apparent in all the cortical areas as a shift towards higher frequencies in the synchronization peak of the excess power (Fig. 5A, C , E, G, vertical lines in the insets). However, at 20 months of age the pattern was reversed, and the mean power spectrum of 3xTg animals was then located at lower frequencies than that of controls (Fig. 5B, D , F, H, solid lines). This inversion was due to the fact that high frequency content during Up states evolved differently in both groups as they got older: from 7 to 20 months, the synchronization peak of high frequencies during the Up states moved towards higher frequencies in control animals, but towards lower frequencies in 3xTg animals ( 
Discussion
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We compared the Up and Down states of the spontaneously generated cortical slow oscillations, alongside the fast (beta and gamma) rhythms during Up states between the 3xTg-AD mouse model of Alzheimer's disease and control mice at 7 and 20 months of age. 3xTg-AD mice presented alterations in the emergent cortical activity with respect to controls, and the electrophysiological phenotype of 3xTg-AD animals changed with age in a different manner than that of control animals. Almost all changes between 3xTg and control mice were detected at 20 months of age: 3xTg mice presented lower SO frequency (consistent with longer Up and Down states), higher Up-Down cycle variability, lower relative firing rate, and a shift of the highfrequency rhythms towards lower frequencies, similarly to one of the electroencephalography hallmarks of AD in humans (Jeong, 2004) . The only change detected at 7 months of age was the reduction of Up state duration in 3xTg animals with respect to controls. The absence of more alterations in the cortical network physiology at that age is surprising, considering that 7-month-old 3xTg animals present with intracellular Aβ immunoreactivity in the neocortex (Oddo et al., 2003b ) and behavioral deficits (Billings et al., 2005; Filali et al., 2012) . We could suggest that larger alterations are needed in order to affect a pattern as robust and conserved as the SO (Sanchez-Vives et al., 2017). These major alterations are indeed present in 20-month-old 3xTg animals, in which Aβ plaques and neurofibrillary tangles are detectable throughout the neocortex (Oddo et al., 2003b; Sy et al., 2011) , a considerable decrease in dendritic spines density has occurred (Bittner et al., 2010) , and the cerebral metabolism in cortical regions is already significantly reduced (Nicholson et al., 2010) . Altogether this suggests that these alterations are responsible for SO alterations detected in the present work at 20 mo, and that the intracellular Aβ accumulation is not enough to cause significant changes in the SO parameters characterized here.
The increase in the slow oscillation frequency that occurred between 7 and 20 months of age in control animals did not take place in the 3xTg animals. In 3xTg-AD, the Up state duration remained stable throughout the two studied ages, while the Down state duration significantly increased between 7 and 20 months of age.
The transition from the Up state to the Down state has been proposed to be mediated by inhibitory interneurons (Funk et al., 2017; Zucca et al., 2017) (and/or by the accumulation of activity-dependent potassium conductances (Compte et al., 2003; Roopun et al., 2006; Sanchez-Vives and McCormick, 2000) , mechanisms that are activity-dependent (M V Sanchez-Vives et al., 2010). The firing rates during Down and M A N U S C R I P T
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Up states increased in control and 3xTg animals as they got older, along with the expected shorter Up states in control animals, but not in 3xTg animals. This suggests that during the aging process the physiological dynamic relationships regulating the oscillatory pattern were altered in the 3xTg-AD mouse. Alterations in the oscillatory dynamics during slow wave sleep could be associated to sleep alterations in AD, associated per se with cognitive decline (Ju et al., 2014 ).
An increase in cortical excitability associated with aging was also reflected in the firing rate during the Down states, which increased from 7 to 20 months of age in both groups of animals. This is coherent with the shortening of Down states that was observed in control animals as they got older, as high frequency fluctuations during the Down state facilitate the generation of the subsequent Up state (Compte et al., 2003; Sanchez-Vives et al., 2017) . However, in the 3xTg-AD mouse model the increase in firing rate during the Down states that occurs between 7 and 20 months of age was accompanied by an elongation of the Down states, revealing an increased threshold for recruiting the local network and trigger Up states.
Thus, the evolution of SO parameters as 3xTg-AD animals get older reveals difficulties to transition between states and thus in a loss of flexibility of the cortical network. This could be the result of the cellular and synaptic alterations presented by 3xTg-AD animals at 20 months of age, such as the presence of extracellular Aβ deposits (Oddo et al., 2003a; Sy et al., 2011) or the loss of dendritic spines (Bittner et al., 2010) , and may be contributing to the cognitive deficits reported in these animals, as higher cognitive functions require a flexible modulation of the interactions between the neuronal groups belonging to a given cortical network (Bressler and Kelso, 2001; Fries, 2005) .
Since the periodicity of the oscillatory cycle depends on the interaction between the mechanisms involved in Up state initiation and termination (reviewed by (Neske, 2016) ), the SO variability in 20-month-old 3xTg animals was increased. The loss of cholinergic receptors in 3xTg-AD mice (Billings et al., 2005) , also reported in humans with AD (Coyle et al., 1983) , may contribute, as the rhythmicity of the SO diminishes when cortical cholinergic tone is reduced (Lorincz et al., 2015) .
The synchronization peak of high (beta-gamma) frequencies during the Up state was detected at higher frequencies in 3xTg than in control animals at 7 months old, but at lower frequencies at 20 months. The dominant frequency of beta-gamma oscillations depends critically on the magnitude and temporal course of M A N U S C R I P T
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14 the inhibitory feedback (Compte et al., 2008; Cunningham et al., 2004) . The displacement of the highfrequency synchronization peak that both groups presented as they got older suggests that, although the cortical network of 3xTg animals might be more excitable than that of the control group at 7 months of age, at 20 months of age this network is more inhibited, and that while the excitability of the cortical network increases in the control animals with age, it decreases in the case of the 3xTg animals. Reduced cortical excitability in the 20-month-old 3xTg animals is consistent with the lower relative firing rate and with the longer Up states, due to decreased activity-dependent potassium conductances (M V Sanchez-Vives et al., 2010). In fact, lower high frequencies are commonly described EEG spectral alterations in AD patients Huang et al., 2000; Lizio et al., 2011) , and have been related to the deterioration of global cognitive function (Jeong, 2004; Kowalski et al., 2001; Sloan et al., 1995) . The shift towards lower frequencies of the beta-gamma synchronization peak in the 20-month-old 3xTg animals is reminiscent of this alteration, and indicates that their electrophysiological phenotype is consistent with that of humans with AD and other mouse models of the disease (Castano-Prat et al., 2017) . This suggests that the alteration of the inhibitory component of the network described in advanced AD stages in humans (Francis et al., 1999) could be relevant to the pathophysiology of the disease.
It has been reported that ketamine anesthesia enhances gamma power (Hong et al. 2009; Lazarewicz et al. 2009; Hunt et al. 2010 ). This could be a confounding factor in the reported results, however both WT and 3xTg-AD animals were recorded under the same anesthesia, and therefore we should attribute the observed differences to changes in the network. Still, we should mention that a potential interaction between the anesthesia and the disease could eventually occur, although we did not observe differences in the required anesthesia doses. This is one of the problems that are encountered when comparing brain activity in WT versus diseased animals: not only diseased animals could respond differently to the anesthesia, but if studying wakefulness, there could be also a different alert state. In previous studies in Dyrk1A (Down Syndrome model) in which a decreased gamma generation was observed during Up states, the same was the case when awake mice were recorded (Ruiz-Mejias et al., 2016) . Still, further studies with chronically implanted animals will be useful in the case of AD to establish whether the alterations that we describe in high frequencies remain in the awake state.
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In conclusion, SO parameters evolved in a different manner in control and 3xTg-AD animals although they were quite similar at 7 months of age. In particular, 20-month-old 3xTg animals presented with lower SO frequency, longer Up and Down states, higher SO variability, lower relative firing rate and a shift towards lower frequencies of the mean power spectrum during the Up states with respect to age-matched wild-type controls, the latter of which mimics one of the features in humans with AD, corroborating the suitability of the 3xTg mouse as a model for this disorder. The evolution of the SO parameters as 3xTg animals get older also points to an alteration of the network mechanisms involved in the transitions between Up and Down states, resulting in a less flexible cortical network that struggles to transition between states. Decreased excitability and flexibility of the cortical network in older 3xTg-AD animals is the result of cellular and synaptic alterations, and may be contributing to the cognitive deficits reported in this model. 
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Highlights
• We characterized cortical dynamics in the 3xTg mouse model of Alzheimer's disease • We studied 7-and 20-month-old 3xTg and wild type to study the effects of aging • 20-mo-old 3xTg mice had lower oscillatory frequency and higher cycle variability • High-frequency rhythms were shifted towards lower frequencies in older 3xTg-AD • We bridge cellular and network studies with the features described in AD patients
